Introduction
Prokaryotic microbial life was already present during the Archaean aeon 3.8-2.5 Ga ago (Knauth, 2005, and refs. therein) . These ancient forms of life developed in the Archaean oceans, whose properties -salinity, temperature, chemistry -are not well understood, and are subject to debated studies. Here we focus on the salinity of the Archaean oceans. The halogens would have been delivered early to the surface of the Earth by impacting bodies as well as by catastrophic degassing of the mantle. Holland (1984) estimated that the salinity of the ancient oceans could have been $1.2 times the modern inventory by assuming that all evaporites found on the continents were once dissolved in the oceans. Unfortunately, the extent of Precambrian evaporites is unknown, due to their poor preservation. Knauth (2005) went a step further by also considering brines in stratified oceans and those presumably preserved in continents, and proposed an Archaean ocean salinity about 1.2-2 times the modern one. These authors considered that the only efficient process to decrease the salinity of the oceans is evaporite formation and isolation onto continental platforms. Consequently, most of halogens would have remained dissolved in the oceans before the major pulses of continental growth. However, another potential pathway for halogens to escape the surface reservoirs is subduction and recycling into the mantle, as suggested by recent budgets at arcs (Kendrick et al., , 2017 . The flux of halogens from the mantle to the oceans and from the oceans to the oceanic crust are C. R. Geoscience 350 (2018) [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] also poorly constrained (Berner and Berner, 2012) , and it is difficult to evaluate the salinity of ancient oceans from geochemical mass balance considerations.
The composition of fluid inclusions in selected retentive mineral phases of Archaean age have already been used to provide an insight into the composition of the past hydrosphere (de Ronde et al., 1997; Weiershauser and Spooner, 2005) . This approach is not without problems, since (i) fluid inclusions are not necessarily contemporaneous with their host mineral, many of them being secondary, and (ii) trapped fluids are generally a mixture of several components including hydrothermal endmembers. de Ronde et al. (1997) estimated that the Archaean oceans' salinity was about twice the modern one, from correlations between relevant chemical species in fluid inclusions trapped in quartz-goethite deposits. These samples, initially interpreted as hydrothermal chimneys older than 3.2 Ga, were later on regarded as Cenozoic spring deposits (Lowe and Byerly, 2003) . From statistical analysis of fluid inclusions trapped in hydrothermal quartz in Archaean terrains worldwide, Weiershauser and Spooner (2005) suggested that the Archaean oceans could have been more saline than the present-day oceans by up to one order of magnitude.
Given their chemical inertness, noble gases behave as physical tracers in the environment. In particular, the atmospheric partial pressures of non-radiogenic argon isotopes ( (e.g., Pujol et al., 2013 and refs. therein) . Integrated over 3.5 Gy and assuming a constant flux through time, the amount of 36 Ar degassed from the mantle is only about 0.1% of its atmospheric inventory (5.55Á10 15 mol). The degassing rate of the mantle was probably higher in the past because of a higher thermal regime. Coltice et al. (2009) estimated that the melting rate of the mantle was by a factor of $20 higher 3.5 Gy ago as compared to the present-day rate. In this case, the contribution of mantle 36 Ar degassed to the atmosphere represents only 0.8% of the 36 Ar inventory, which is still negligible in the context of this study. Further constraints on the behaviour of atmospheric noble gases through time stem from the analysis of paleo-atmospheric gases trapped in Archaean fluid inclusions (FIs). The isotope compositions of neon, argon ( 38 Ar/ 36 Ar) and krypton of the Archaean atmosphere were found similar to those of modern air (Avice et al., 2017; Pujol et al., 2011) , suggesting (i) no, or limited, escape to space for these elements since that aeon, and (ii) weak contribution from mantle noble gases (e.g., Ne). A closed system atmosphere for inert gases, including N 2 , is consistent with models of atmospheric evolution through time since the Archaean aeon (Lichtenegger et al., 2010) . The concentration of noble gases in surface water is a function of their atmospheric partial pressure (assumed to be constant for, e.g., 36 Ar, see above) as well as water temperature and salinity. Thus, other dissolved species of interest can be scaled to noble gas concentrations to investigate their origin and behaviour through time. (Lichtenegger et al., 2010) . In this work, we adopt the same approach for halogens (here Cl) and potassium, also quantified together with argon isotopes in neutron-irradiated quartz (e.g., Kendrick, 2012; Kendrick et al., 2001) . Using samples for which fluids trapped in FIs have been demonstrated to be Archaean (Avice et al., 2017; Marty et al., 2013; Pujol et al., 2011 Pujol et al., , 2013 , we define the surface water component, presumably seawater for the Cl/ 36 Ar and K/ 36 Ar ratios, and infer its salinity from solubility data for argon.
Samples
Several of the present samples have been previously analyzed to get insight into the composition of the Archaean atmosphere.
Dresser formation, North Pole, Pilbara Craton, NW Australia
Samples PI-02-39-# are from the 3.49-Ga-old Dresser formation, Warrawoona Group, Pilbara Craton at North Pole (Western Australia) (Foriel et al., 2004) . These are quartz-carbonate aggregates forming pods in undeformed pillow basalts at the top of the Dresser formation. Quartz contains abundant, 1-25-mm, two-phase (liquid and $5% vapour) aqueous inclusions. They are randomly distributed throughout the host quartz, which supports a primary origin. The trapped fluids are interpreted as representing mixing between a ''North Pole seawater'' end-member and several hydrothermal components with variable Cl/K, Ba and metal contents. The salinity of trapped fluids is highly variable (average: $12%) with end-member values comparable to, or lower than, that of modern seawater (Foriel et al., 2004) . The age of trapped fluids is likely >2.7 Ga, and probably contemporaneous with the Dresser formation . Trapped fluids contain Archaean paleo-atmospheric argon ( 40 Ar/ 36 Ar = 143 AE 24, 1s) and xenon . Sample PI-06 consists of quartz filling 2-10 mm amygdules in komatiitic basalt from a drillcore at the base of the Dresser formation (Pujol et al., 2011) . This formation never experienced a metamorphic grade higher than that of the prehnite-pumpellyite facies (Foriel et al., 2004) . The ArAr plateau age of that sample is by 3.0 AE 0.2 Ga, lower than the Dresser formation age, suggesting a resetting event of the Ar-Ar chronometer at that time (Pujol et al., 2011) . The trapped neon and krypton have isotopic compositions similar to those of air, and xenon is mass-dependently fractionated by 1%/u, a feature typical of Archaean atmospheric Xe (Avice et al., 2017; Pujol et al., 2011) .
Barberton Greenstone Belt (BGB), South Africa
BMGA-# samples are from a core drilled in the Kromberg formation (3.33-3.47 Ga), BGB, South Africa (Avice et al., 2017) . The BARB 3 core (ICDP Project) mainly comprises a succession of white and black cherts and ultramafic rocks. All samples of this study consist of macro-crystalline quartz with different modes of emplacement in rocks from the BGB, probably linked to early hydrothermal activity (Hofmann and Harris, 2008) . Trapped fluids contain Archaean paleo-atmospheric argon and xenon, and present Ar-Ar apparent ages showing excess 40 Ar*, with a tendency consistent with the age of the Kromberg formation (Avice et al., 2017) .
All samples were neutron-irradiated to produce Ar proxy isotopes proportional to the Cl ( 38 Ar) and K ( 39 Ar) contents, and analyzed by in vacuo crushing and static mass spectrometry following methods and corrections given in Avice et al. (2017) , Marty et al. (2013) , and Pujol et al. (2011 . North Pole samples were sequentially crushed under high vacuum with an activated piston (Pujol et al., 2011) , whereas Barberton samples were sequentially crushed by squeezing the grains with a modified metal valve (Avice et al., 2017) . Nitrogen and argon were also extracted by sequential crushing and combined nitrogenargon measurements were carried out by static mass spectrometry following the method described in Humbert et al. (2000) .
Results and discussion
With the conservative assumption that the partial pressure of 36 Ar did not vary significantly with time, we infer here that the seawater concentration of 36 Ar in the Archaean aeon was a function of temperature and salinity only (assuming a sea level location for atmospheric gas equilibrium). Thus, the Cl/ 36 Ar and K/ 36 Ar ratios of seawater would have varied primarily as a function of (i) these two parameters, and (ii) the Cl and K concentrations of the ancient seawater. Fig. 1 illustrates covariations of these ratios for the analyzed samples, suggesting that the entire array of variations can be understood as mixing between several end-members, presumably different hydrothermal components, and a common end-member with a low salinity. The present-day salinity of the oceans is represented by a thick blue line for temperatures varying between 0 8C (a proxy of the average modern deep-sea temperature of 2 8C) and 75 8C (a plausible, but debated, temperature for the Archaean oceans; Robert and Chaussidon, 2006) . At this scale of variations, data points for samples from two different localities (NW Australia and South Africa) are consistent with an ocean salinity comparable to, or lower than, the modern one, but not with a salinity being two times higher, or more, than the modern one. It is possible that some of the samples, e.g., BMG3-11, might have trapped freshwater and not seawater, in which case the correlations depicted in Fig. 1 would pass through the origin. However, such an origin is not supported by geochemical data (see sample description), which indicates the occurrence of a palaeoseawater component in the FIs. Alternatively, some of the fluids released during stepwise extraction could have been contaminated by atmospheric noble gases other than those dissolved in trapped palaeoseawater. The effect of this contamination would be to add only 36 Ar to the extracted fluids, and therefore to have the correlations forced towards the origin in Fig. 1 . This could be the case for some of the BMGA-3, and PI-06-03 stepwise data. Nevertheless, we think that these possibilities, namely, low salinity and/or atmospheric contamination, cannot account for several of the observed trends (e.g., those defined by the PI-02-39, BMG3-3, BMGA3-9 samples) that do not pass through the origin, but rather intersect the range of values expected for a seawater component (blue line in Fig. 1 Fig. 1 show dispersion of data, suggesting that mixing between more than two hydrothermal components and/or secondary processing occurred. Each series of data for a given sample defines roughly variable Cl/K ratios (slopes of the correlations) that can be understood as chemically different hydrothermal endmember compositions. Thus, most of the slopes do not define the palaeoseawater composition. In hydrothermal systems, chlorine is mainly conservative upon temperature rise, mixing, and boiling, but the K concentration depends on temperature and rock lithology during water-rock interactions. K is indeed more mobile than Cl during hydrothermalism due to K + exchange with basalts authigenic mineral precipitation (e.g., Berner and Berner, 2012 (2004), we have computed the evolution trends upon temperatures between 0 8C and 75 8C for three different seawater compositions having salinities 0.5, 1, and 2 times the modern salinity as represented by Cl and K (red, blue and green trends in Fig. 2) . In this format, the intersection of the PI-02-39-02 correlation with these trends defines the composition and the temperature of the Archaean seawater end-member (Fig. 2) . This intersect selects a salinity comparable to the modern one, and a seawater temperature in the range 20-40 8C. A warmer seawater in the Archaean than today is consistent with oxygen and silicon isotope variations in cherts and organic matter in the distant past (Robert and Chaussidon, 2006; Tartè se et al., 2017) . Alternatively, such a noble gas-based temperature range may reflect the temperature of surface water in which atmospheric noble gases were dissolved, rather than the mean seawater temperature.
There is, however, an excess of radiogenic 40 Ar* (labelled 40 Ar XS ) in the initial fluid of the PI-02-39-02 sample. The 40 Ar/ 36 Ar ratio of the Archaean atmosphere around 3 Ga has been shown to be 143 AE 24 (1s), but the initial ratio of the seawater component computed for this sample yields a higher, although imprecise, value of 1226 AE 920 (Fig. 3) .
40
Ar XS could have been contributed after deposition due to radiogenic ingrowth in the FIs but, given the K content of the trapped fluid, a negligible amount of 40 Ar XS could have been contributed during the 3.5-Ga-long history of the quartz. Indeed, we compute that during 3.5 Ga, 1-3Á10 À14 mol/g of radiogenic 40 Ar could have been generated by 40 K in FIs, corresponding to less than 1% of the total 40 Ar (10
À10
-10 À11 mol/g). 40 Ar XS could also have been injected from the host quartz, although the low K content of this phase might have not been sufficient to produce such an amount. 40 Ar XS unsupported by other species, e.g., Cl, is common in fluid inclusions (e.g., Avice et al., 2017) and could result from water-rock interaction in an environment where the production of radiogenic 40 Ar from the decay of 40 K (T 1/2 = 1.25 Ga) was one order of magnitude higher than today. Contrary to 40 Ar, N 2 has been mostly conservative in Archaean fluid inclusions and a correlation between Cl/ 36 Ar vs. N 2 / 36 Ar yields essentially the same information (Fig. 4) , with a larger data dispersion. Here, the possible range of salinity values would be 0.5 to 1 times the modern one.
Implications
The present data are consistent with an Archaean seawater salinity comparable to, or even lower than, the modern one. The relatively consistent salinity of the Earth's oceans since the Archaean has far reaching consequences regarding the volatile cycle and the emergence of life on the early Earth. Kendrick et al. (2017) proposed that up to 80% of the total budget of H 2 O and heavy halogens now reside in surface reservoirs. Maintaining a constant salinity since the Archaean would require that the flux of H 2 O and Cl to and from the oceans has also remained consistent since the Archaean. The dominant controls on early ocean salinity would be from the (i) variable rates of degassing and subduction recycling of H 2 O and Cl and, (ii) the sequestering of Cl from the ocean into crustal evaporites and sediments. Continental freeboard studies have shown that the sea level change since the Archaean is limited to less than 500 m, indicating that the majority of the H 2 O was degassed early and that the flux to the surface is roughly balanced by the return through subduction (Parai et al., 2012) . In order to maintain a constant salinity since the Archaean, the flux of Cl to the surface is also required to be balanced by the return flux through subduction. Assuming that the majority of the Earth's volatiles were degassed early and that the oceans were almost fully formed during the Archaean, this would imply that H 2 O and Cl are coupled during subduction recycling. Using current output fluxes of H 2 O and Cl from MORB and OIB (Ito et al., 1983; Parai and Mukhopadhyay, 2012) , it is estimated that the equivalent to 0.25-0.64 ocean masses of Cl and 0.15-0.53 ocean masses of H 2 O have been subducted back to the mantle during the past 3.5 billion years.
The coupling of H 2 O and Cl during subduction recycling is complicated by the potential for Cl to be sequestered into evaporite beds for geologically significant periods of time. Estimates of ocean salinity 1.2-2 times the modern values assumed that due to the presumed lower volumes of continental crust in the Archaean all evaporites and sedimentary brines were contained in the oceans (Holland, 1984; Knauth, 2005) . As very little evidence remains for Archaean evaporites, this calculation relies on crustal evolution models to predict the timing of continental growth stabilization, estimated to be around 1.2 Ga (Knauth, 2005) . However, recent crustal evolution models calculated using the crustal degassing of 36 Ar indicate that continental crust was formed much earlier, with the equivalent of 80% AE 10% of the current continental mass formed between 3.8 and 2.5 Ga (Dhuime et al., 2012; Pujol et al., 2013) . The mass of the continental crust has therefore remained relatively stable since the Archaean. The drop in salinity towards modern values associated with the formation of continental evaporites and sedimentary brines may therefore have occurred earlier in the Earth's history.
The fluid inclusions data suggest that the Cl/K of the Archaean oceans ($50) could have been significantly higher than the modern value of 29. A major source of potassium in the oceans is now the erosion of the continental crust. The deficit of K in the Archaean oceans Fig. 2 . PI-02-39-2 data correlation. For this sample, the good linear correlation is consistent with a two-component mixing. The red, blue and green thick lines represent salinities of 0.5Â, 1Â, and 2Â the modern seawater composition, as expressed by Cl and K, for temperatures of 0, 25, 50, and 75 8C. These ranges represent the possible end-members between present-day ocean bottom temperatures of 2 8C and those proposed for Archaean oceans of up to 70 8C (Robert and Chaussidon, 2006) . The insert shows the range of temperature-salinity which are consistent with the intersect of the data correlation with the lines defined above. The correlation is not consistent with salinities twice the modern value (de Ronde et al., 1997) or higher (Weiershauser and Spooner, 2005) . For a modern-like salinity, a temperature in the range 20-40 8C is compatible with the data. For higher temperatures, the calculated salinity would be lower than the present-day one. Ar data for sample PI-02-39-2. Same symbols as in Fig. 3 .
could therefore be related to the smaller continental reservoir 3.5 Ga ago. However, the cycle of oceanic potassium is poorly known, in particular the K flux between the oceans and the oceanic crust and the uptake of K by sediments (see Berner and Berner, 2012) . The properties of the Archaean oceans such as salinity, temperature and chemistry all played a crucial role in the emergence of life. Salinity levels greater than modern seawater are suggested to have suppressed the evolution of macroscopic marine life in the Archaean (Knauth, 1998) . The development of macroscopic life might have been limited, as metazoan life forms cannot tolerate highsalinity conditions (Hay et al., 2006) . This is consistent with cyanobacteria (relatively salt tolerant) dominating the Precambrian fossil record (Knauth, 2005) . Our data are however consistent with Archaean oceans' salinity being comparable to that of the modern oceans at a plausible temperature range of 0-75 8C.
This implies that the early forms of Archaean life were not necessarily salt tolerant or restricted to the more dilute waters of estuaries (Knauth, 1998) , but might have already been widespread throughout the oceans. The limited diversity of the eukaryotes within the Proterozoic fossil record (Schopf and Klein, 1992) may therefore be accounted for by nutrient limitation and/or widespread sulfidic conditions in the early oceans (Anbar and Knoll, 2002) . Likewise, the lack of evidence for Proterozoic metazoans in the fossil record could indicate that early metazoans developed in environments with low preservation potentials, such as the Archaean deep-sea environments, which are erased at subduction zones. Note that a constant global ocean salinity through time does not exclude the possibility that saltier environments existed during the Archaean, as evidenced by highly saline early seawater trapped in fluid inclusions within 3.2-Ga quartz crystals (de Ronde et al., 1997) . In fact, the presence of evaporites on the Archaean crust and evidence of saltier environments hint at potential for localized evaporation and formation of habitats such as lagoons suitable for life (Park, 1977) . Our data also support the possibility that significant amounts of oxygen were already dissolved in the oceans during the Archaean, as oxygen solubility in seawater increases with decreasing salinity and temperature (Weiss, 1970) .
Conclusion
Data for FIs in Archaean quartz samples from different localities present chemical variations which are consistent with mixings between several hydrothermal end-members and a common component regarded as Archaean seawater. The latter appears to have a salinity (Cl) comparable to that of modern seawater. We conclude that the present data appear to exclude a salinity twice higher than the modern value ( Figs. 1 and 2) . The Cl/K ratio of Archaean seawater ($50) could have been lower than the present-day one (29), suggesting that the Archaean oceans contained less potassium than the modern oceans.
The budget of Cl and K in the oceans is still largely undocumented. Rivers are the main input flux of chlorine to the oceans (2.1Á10 14 g/yr), and evaporite precipitation can be a significant output flux, provided that evaporites are stabilized onto continents (Berner and Berner, 2012) . Overall, the oceanic chloride budget appears to be in a steady state on the long term, at least since 600 Ma (Berner and Berner, 2012) . Major unknowns are the fluxes at midocean ridges, which could be significant in either way (Edmond et al., 1979) . These uncertainties leave room for the case of a salinity (e.g., Cl) of the Archaean oceans comparable to the modern one. The oceanic cycle of potassium is even less documented. The low potassium content of the Archaean oceans suggested by this study could be related to a smaller volume of Archaean felsic crust than at Present. Indeed, a major source of potassium in the oceans is now the erosion of the continental crust, thus the deficit of K in the Archaean oceans may be the result of reduced runoff from smaller continental reservoirs.
